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INTRODUCTION. 
Ever since the introduction of the conception 
of circus movement in auricular fibrillation and 
auricular flutter and the introduction of quinidine 
for their treatment, the refractory period has 
assumed an increasingly important ró le in understand- 
ing the pathology and the therapeutics of many dis- 
orders of cardiac contraction. A thorough knowledge 
of its physiology, therefore, is of great importance. 
Unfortunately, however, comparatively little has been 
done in this direction. The object of the present 
investigation is to study the refractory period of 
the frog's heart under several experimental conditions 
and its relation to other phenomena associated with 
cardiac contraction. The subject matter will be 
considered under the following headings:- 
I. The effect of variations in the diastolic 
filling on the durations of the refractory 
period and of the mechanical response. 
II. The effect of various ions on the duration 
of the refractory period and on the mechani- 
cal response. 
III. The effect of rate of stimulation on the 
durations of the refractory period and of 
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the mechanical response. 
IV. The relation of the refractory period to 
other phenomena associated with contraction. 
I. The Effect of Diastolic Filling on the 
Durations of the Refractory Period 
and of the M.echanical Re- 
s onse. 
A number of experiments were performed to 
etermine whether the durations of the refractory 
(period and of the mechanical response were altered 
Íby variations in the diastolic filling. Such varia- 
tions have been shown to influence profoundly the pres- 
sure added by contraction (1,2,3,4), and oxygen con- 
sumption (5,6), and the heat liberated by the heart 
(7). In particular, Clark and cite (6) have shown 
that the empty contracting heart uses very little 
more oxygen than the empty arrested heart, whereas 
the heart contracting when filled uses four or five 
times this quantity. The extent of the metabolic 
change resulting from the contraction process can, 
therefore, be varied very extensively by simply 
varying the diastolic filling of the heart. 
General Methods . 
The isolated ventricle of R. Temporaria was 
used and the experiments were carried out in winter 
and spring at room temperature. The temperature 
varied on different days from 120C. to 15°C. but re- 
mained constant during the course of any experiment. 
The Ringer's fluid used had the percentage 
composition of Wad 0.65, Kcl. 0.015; CaC12 anhyd. 
0.011; ilailPO4 and WaH2PO4 0.05. The phosphate was 
added from a stock phosphate solution with a pH of 
7.5. 
The apparatus for perfusing the ventricle, 
for varying its diastolic filling, and for recording 
its isochoric response was similar to that described 
by Clark (8). It is represented diagrammatically 
in Fig. 1. The heart contracted under isobaric con- 
ditions except when measurements were taken, and then 
isocharic conditions were maintained. 
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Arrangements for stimulation of the heart. 
A Lewis rotary contact breaker provided with 
two pairs of cams. was used. Each pair of cams 
was connected with an induction coil, and the wiring 
was arranged so that the make shock was short- circuit - 
ed, and only the break shock was allowed to reach 
the preparation (Fig. 2) . 
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One coil (A) and one pair of cams (a) was used 
to produce the initial stimulus, and the fundamental 
bate of stimulation was usually 18 per minute. This 
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frequency could be varied by varying the rate of 
rotation of the contact breaker. 
The second coil (B) and the second pair of cams 
(b) provided the second or extra stimulus. The 
distance between cam a and b could be varied, and 
thus the second stimulus could be thrown in at any 
point in the cardiac cycle. Two signal markers re- 
corded the stimuli on the tracing,and the duration 
of the interval between the stimuli was measured from 
these records. 
The strength of the stimuli was adjusted by 
moving the secondary coil of the induction coils, and 
these were celebrated with a voltimeter, so that the 
actual strength of the stimulus passing through the 
preparation was known. The strength of stimulus 
A was not altered during an experiment and was always 
well above the threshold; strength, being usually 
three times that of the threshold strength. The 
strength of stimulus B was varied according to cir- 
cumstances. 
Determination of the Refractory Period. 
The absolute refractory period (A.R.P.) was 
determined by the usual method of sending in a pair 
of stimuli and finding out the earliest point in the 
cardiac cycle at which the second stimulus (stimulus 
B) was capable of producing a response. For this 
determination the strength of stimulus B was made 
about 40 times the threshold strength. In all cases 
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Five pairs of stimuli were passed in succession, and 
the result was considered positive, if a second con - 
Itra.ction was obtained after any or all of these paired 
stimuli. The duration of the refractory period de- 
creases when the frequency of stimulation is increased 
and hence once the second stimulus had produced a 
contraction it continued to do so. The practice 
of observing the results of five successive pairs 
f stimuli was a safeguard against errors which will 
e considered later. 
In determining the relative refractory period 
(R.R.P.), the minimal effective strength of the 
recond stimulus at various points in the cardiac 
cycle was determined, and a curve of recovery of 
citability was thus plotted. The perfusion fluid 
used was on the alkaline side of neutrality (pH7.5) 
.nd a supernormal phase was not usually present. 
herefore, the curve of recovery of excitability was 
sually measured only as far as the end of the relat- 
ive refractory period. 
The tracings obtained were measured with a read- 
ing microscope. In some cases tracings were made on 
smoked celluloid films, and the image was projected 
on to a screen where it was measured. The results 
obtained by the two methods were in close agreement. 
t was found that the tracings could be measured 
ccurately to the nearest 0.05 "; hence the error in 
measurement was about ± 3 per cent of the duration of 
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the cardiac cycle. 
Ipources 
of Error in the Determination of the Refractory 
Period. 
(a) Changes in the heart produced by stimuli 
othich failed to produce a mechanical response. 
Drury and Love (9) in the veratrinised frog's 
ieart first measured the A.R.P. by the usual method, 
namely by determining the earliest time interval at 
which a second stimulus produced an electrical re- 
ponse. They then found that a stimulus falling 
vithin this period, although producing no electrical 
esponse, might still produce a change in the heart, 
or it might cause a third stimulus put in shortly 
fter it to fail to produce a response. They con- 
cluded that the true A.R.P. in the veratrinised heart 
was shorter than the A.R.P. as measured by the usual 
method. They did not, however, observe this effect 
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p.n the normal heart. 
In the experiments described here the A.R.P. .was 
ot determined according to Drury and Love's method 
because in the first place, the heart was not abnormal 
and in the second place, a series of five pairs of 
timuli was used to guard against this error. 
supposing the above effect was obtained, an extra 
tumulus sent in between the true and the apparent 
.R.P., although apparently ineffective, might shorten 
the A.R.P. in a subsequent response, since increased 
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frequency of stimulation shortens the refractory period. 
This shortening of the A.R.P. would enable subsequent 
extra stimuli to become effective. On the other hand, 
if the extra stimulus were sent in before the true 
A.R.P. was over there would be no shortening of the 
Refractory period, and hence a second response would 
riot result no matter how often the extra stimulus 
Was repeated. Thus, by always observing the result 
Of a series of five pairs of stimuli this error could 
be eliminated. 
(b) Short circuiting through electrodes. 
It was found that the arrangement of the 
electrodes was a matter of great im ,ortance. At 




This arrangement had to be discarded because when the 
key (KB) in circuit B was closed, the current in cir- 
cuit A instead of passing from A -A, (through the 
ventricle) often passed by the alternative route 
F,- B- B1 -Al., and hence failed to stimulate the heart. 
Similarly the current in circuit B passed by corre- 
sponding alternative route when the key (KA) in 
circuit A was closed. The arrangement of electrodes 
shown in Fig. 2 was designed to overcome this diffi- 
culty. 
Under this arrangement, there was only one way 
for a current in circuit B to complete its course, 
namely through the ventricle (B -B1). This ensured 
uniformity in the strength of stimulus B irrespective 
Of the opening or closing of the key in circuit A. 
As to stimulus A, the alternative route A -B1 41 always 
d;d 
Offered greater resistance thanAthe direct route 
A - gl no matter whether the key in circuit B was open 
o r closed, and hence it was most unlikely that the 
current would travel by the alternative route. Even 
Were this to occur, the resulting variation in the 
Strength of stimulus A would not be of great importance 
because firstly, stimulus A was always well above the 
threshold strength and secondly, it has been shown 
-y Hermann and Tlnrath (10) that the strength of the 
initial stimulus does not influence the duration of 
the refractory period of the heart. On the other 
hand, Hupelweiser (l0a) concluded from his studies 
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that the strength of the initial stimulus did have an 
influence on the duration of the refractory period. 
The general trend of opinions a.jong physiologists, 
however, is to favour the conclusion of the former 
Workers. 
(c) Inadequate perfusion. 
Boesch (11) and Carter and Dieutaide (12) 
have shown respectively that lack of oxygen and acid - 
lity have a great influence on the duration of the 
refractory period. When the heart is inadequately 
perfused it suffers from lack of oxygen, and acid 
products accumulate. Therefore, to avoid this 
error, isochoric conditions were maintained only 
for 6 or 8 successive contractions. 
(d) Age of the preparation. 
Prolonged washing of the frog's heart with 
Ringer's fluid produces a hypodynamic state (Clark 
(13) ). Junkmann (14) showed that the refractory of 
the frog's heart and the duration of mechanical 
response shortened considerably after prolonged per- 
fusion. This fact was confirmed by the 
The curve of recovery of excitability of 
fore and after two hours' perfusion with 
fluid is shown in Fig. 4. This shows a 
Of both the A.R.P. and the R.R.P. This 
it necessary to do frequent controls when 
of long duration were made. 
writer . 
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(e) Spontaneous contraction of the ventricle. 
This frequently interfered with the experiments. 
It frequently happened that a ventricle which was 
at first arrested started spontaneous contractions 
after one or two hours' isolation. In such cases 
it was usually necessary to stop the experiment 
because the fundamental rate of contraction and with 
it the duration of the refractory period was thereby 
changed. 
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A. Effect of Diastolic Filling on the Refractory 
Period. 
Experience showed that it was necessary 
to carry through a set of experiments in less than 
an hour and a half, for if a longer time was taken 
the shortening of the refractory period due to the 
development of the hypodynamic state introduced a 
large error. For this reason, in some experiments 
either the A.R.P. or the end of the R.R.P. was de- 
termined for a series of different initial fillings. 
Such determinations could be carried out quickly and 
hence there was no chance of error due to change in 
the condition of the preparation. Typical results 
are recorded in Table 1p . , :_.In Table 1 each deter - 
,mination of the A.R.P. is indicated by two numbers 
with the sign - or + following them. The former 
is the longest time interval between stimuli which 
failed to yield a positive result; the latter is 
the shortest interval which did yield a positive 
result. These show that variations in diastolic 
filling produce no change in the duration of either 
the A.R.P. or the R.R.P. Fig. 5 shows that the 
A.R.P. of a heart is the same for two different 
initial fillings. In this as in all subsequent 
tracings systole is represented by a downward 




Rate 24 /minute 
Filling 
in cc. 
A. R. P. End of R. R.P. Pressure 
cm. of H 0 
0.01 1.00 -i- 0.95- 1.39 10 
0.03 1.02* 0.95- 1.41 50 
0.06 1.00 -0.97- 1.37 62 
0.07 1.01 + 0.98- 1.39 64 
Experiment 21/2/29 Rate 18 /minute 
0.01 1.24 -3- 1.18- 1.79 11 
0.03 1.23t1.18- 1.76 37 
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In other experiments the curves of recovery of 
excitability at various fillings were plotted. In 
this case it was more difficult to avoid errors due to 
the development of the hypodynamic condition. Typical 
results are shown in Fig. 6 which shows that the 
course of the curve of recovery in excitability is 
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Discussions. 
(e.) As has been pointed out before, the extent of 
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metabolic change resulting from the contraction pro- 
cess can be varied very extensively by simply varying 
the diastolic filling of the heart. The results 
of these experiments show, however, that such variations 
have no effect whatever or the duration of the re- 
fractory period. It would thus appear that the 
duration of the refractory period is independent of 
the extent of metabolic change associated with con- 
traction. Such a conclusion may have some bearing on 
the causation of the refractory period. 
Two hypotheses have been put forward to explain 
the occurence of the refractory period, namely the ex- 
haustion hypothesis and the permeability hypothesis 
(Adrian (15)). According to the former hypothesis, 
the refractory period is due to the exhaustion of some 
active material inside the tissue fibres. Immediately 
after an effective stimulation the store of this 
material is exhausted, and the. tissue in consequence 
is unable to respond to a second stimulus (A.R.P.). 
As time passes, however, this material gradually 
reaccumulates and the excitability gradually returns 
to normal (R.R.P.). 
According to the permeability hypothesis, which 
was put forward to harmonise many experimental facts 
with the cell membrane theory of conduction of the 
propagated excitatory disturbance, excitation depends 
on the ability of a stimulus to break down the state 
of semi -permeability of some membrane, while the re- 
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f ractory period depends on the stability of this 
membrane. Immediately after the passage of a pro- 
pagated disturbance the membrane becomes unusually 
stable, so that further break down of semi -permeability 
i.e. excitation, is impossible (A.R.P.). After a 
time, however, the membrane gradually returns from 
a stable to a more unstable condition and as a result, 
the excitability gradually returns to normal (R.R.P.). 
Adrian (loc. cit.) has given good reasons to show 
that the exhaustion hypothesis is untenable. The 
results of these experiments provide further evidence 
against this hypothesis, for were the refractory 
period due to the exhaustion of some active material, 
'then it would be difficult to understand why an in- 
crease in the metabolic breakdown is not followed by a' 
'corresponding lengthening of the time during which re 
accumulation of this material is supposed to take place. 
The permeability hypothesis, on the other hand, is 
quite in keeping with such results, since according 
to it, the duration of the refractory period depends 
only on the physical state of some membrane and not 
at all on the extent of metabolic change which has 
occurred. 
(b) There has been much controversy as to wheth- 
er or not the excitation process and the contraction 
process in muscular tissues are separable from each 
other. According to the conception of heith Lucas 
(16), when a muscle responds to a stimulus there are 
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two separate processes taking place, namely the ex- 
citation process and the contraction process. The 
former process is essentially the same in all excit- 
,able tissues, whether nervous or muscular, and is com 
'posed of two elements, namely a local excitatory dis- 
turbance and a propagated disturbance. It is almost 
unassociated with heat liberation and is probably 
mainly physical in nature, although recent work on 
the oxygen consumption of nerves by Fenn (17) and 
Berard (18) seems to show that there is also sóme 
chemical change associated with nervous activity, 
The oxygen comsumption associated with excitation, 
however, is so small when compared to that associated 
with the contraction, process that it may be considered, 
negligible. The contraction process on the other 
hand, is present only in muscular tissues in which 
it is a consequence of the propagated disturbance 
and not an essential part of it. It is closely 
associated with lactic acid metabolise and the 
development of tension. According to this view then, 
these two processes are distinct and separable from 
each other. 
On the other hand, some authorities consider 
that these two processes are inseparably associated 
with each other. In particular, this view has been 
strongly supported by Fulton (19) who maintains that 
excitability and contractibility are inseparable 
and that in muscles the mechanism of production of 
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electrical response and the mechanism controlling 
initial heat production are one and the same. It is 
of interest therefore, to see whether or not the 
results of these experiments have any bearing on the 
question and if so, whether they support the former 
or the latter conception. 
Since both the refractory period and the ex- 
citation process are dependent on the physical state 
of some membrane, it may be supposed that they are 
closely related to each other. Indeed, according 
to Bramwell and Lucas (20): the refractory period 
is a direct consequence of the propagated disturbance. 
It is well known from the observationsof Adrian and 
Keith Lucas (21) that an excitatory disturbance set 
up during the relative refractory period is of 
smaller magnitude than the normal, and that the re- 
fractory period following this disturbance is of 
shorter duration than the normal. It may, therefore, 
be supposed that the duration of the refractory period 
is in some way related to the magnitude of the pro- 
pagated disturbance which precedes it. This, in 
fact, is the view of Bayliss (22) who considers that 
the duration of the refractory period is dependent on 
the magnitude of the propagated disturbance. There- 
fore, through the duration of the refractory period 
one may indirectly obtain some idea as to the magni- 
tude of the excitation process. 
Since variations in the diastolic filling have 
no influence whatever on the duration of the refractory 
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period and since the refractory period is so intimate - 
ly bound up with the excitation process, one may be 
justified in assuming that similar variations in 
filling also have no influence on the excitation 
process. But such variations have a profound influ- 
ence on the various phenomena which are associated 
with the contraction process, such as the tension 
developed, the'oxygen consumption, and the heat 
liberation. Therefore, in variations in the diastolic 
filling we have a condition in which the contraction 
process is profoundly affected while at the same time 
the excitation process is not at all influenced. 
Such a state of affairs would be quite unaccountable 
by Fulton's conception, for it is difficult to under- 
Stand how one process could vary independently of 
the other if they were inseparable and dependent 
on the same mechanism. On the other hand, such 
findings are quite intelligible according to the con - 
I 
ception of Keith Lucas. The results of these ex- 
periments, therefore, constitute an indirect evidence 
in support of the view which maintains that excitation 
and contraction are separable and are opposed to the 
other view which holds that these two phenomena are 
inseparable. 
B. Effect of Diastolic Filling on the Duration 
of Mechanical Response in Isochoric Contraction. 
This question has been investigated by a number of 
Workers, especially Daly (loc. cit.) and Segall and 
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Anrep (loc. cit.). Their results in general agreed 
with each other, and according to the latter observers, 
the total duration, the period of rising tension, and 
the period of falling tension were prolonged by in- 
creased diastolic filling. They further observed 
that, for the period of rising tension, the increase 
Was more marked with smaller fillings, reaching a 
Maximum when the heart was filled to 3 its full 
capacity; while for the period of falling tension, 
the maximum increase occurred with the larger fillings. 
These workers divided the duration of mechanical re- 
sponse into the period of rising tension and the period 
of falling tension. The former was measured from 
the point where the curve left the base line to the 
middle of its flattened top and the latter from this 
point to where the curve returned once more to the base 
line. In the experiments described below a different 
method of measuring the duration of mechanical response 
Was employed and the results obtained with it were com 
with those of previous workers. 
In the case of fresh unfatigued skeletal muscles 
With intact circulation, Fulton (23) described the 
Fundamental characteristics of the curve of a single 
isometric twitch as consisting of 
(1) an abrupt and convex ascent. 
(2) a flat plateau at the summit of the twitch. 
(3) an angle at the end of the plateau due to 
its abrupt termination. 
This angle has been termed the "subsidence angle" 
by Fulton who has adduced good reasons to show that it 
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represents a fundamental break in the underlying 
contractile process and consequently, represents the 
end of active contraction. Relaxation, according to 
his view, is a purely passive process. He, there- 
fore, measured the duration of the isometric twitch 
from the beginning of the electrical response to the 
"angle ". 
In the case of the frog's heart, Junkmann (14) 
pointed out that the curve of isochoric contraction 
of freshly excised ventricles showed a well marked 
plateau and that this plateau disappeared after a 
few hours' perfusion. He did not,however, mention 
the occurrence of the "angle ",although in some of his 
figures an angle could be readily made out. In the 
course of the experiments described above both the 
"plateau" and the "angle" were observed in the records, 
of isochoric contraction of freshly excised ventricles. 
Fig. 7 shows the record of isochoric contraction of a 
freshly excised frog's ventricle. It will be noticed 
that both the plateau and a definite angle are presentr 
ST Mµ1NJ 
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ilethod of Measurement. 
Fig. 7. 
In view of Fulton's method for measuring the 
duration of the isometric twitch, it was considered 
desirable to measure the duration of mechanical 
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response of the frog's heart by the following method. 
In this method, the duration of mechanical response 
is measured from the stimulus to the "angle" and the 
term D...R. is employed to denote this period in the 
rest of this thesis. The duration of relaxation is 
measured from the "angle" to the point at which 
90 per cent relaxation has occurred. This method 
Of measuring the period of relaxation is more accurate 
than the usual method of measuring to the point, at 
which complete relaxation occurs because the curve of 
relaxation follows a die -away curve and it is imposs- 
ible to be sure of the exact moment when complete 
relaxation occurs. 
It will be noticed that the latent period is 
the 
included in the D.M.R. Recent work onAlatent period, 
however, all tend to show that the so- called latent 
period observed in ordinary kymographic' records is 
nearly entirely the result of mechanical lag in the 
ecording apparatus. Thus, with every improvement 
in the sensitivity of the recording apparatus, there 
is a steady reduction in the duration of this period. 
4ccording to Fulton (24) the duration of the true 
latent period of frog's skeletal muscles, as measured 
Dy the torsion -wire myograph, is only 1.5 -2.00 On 
the other hand, the very existence of the latent period 
vas denied by de Jough (25) who found that by recording 
the mechanical response of the frog's heart with an 
apparatus of great sensitivity such as the 
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Sna.armyograa f 'f', the stimulus and the beginning of 
mechanical response were simultaneous. It is still 
a matter of controversy as to the existence of a true 
,latent period but it is clear that if a true latent 
period exists at all, it must be of such a duration 
as to be quite undetectable by the I ymographic 
method of recording which was employed in these ex- 
periments. For this reason, the latent period was 
ignored altogether and the mechanical response was 
considered to begin simultaneously with the 
stimulus. 
The tracings were measured directly with the 
aid of a reading microscope and the results also were 
checked by measuring enlargements of records taken 
Ion smoked celluloid films. 
Owing to the circular movement of the recording 
lever, due corrections were made for any deviation 
of the writing point from the vertical, especially 
when the deflection of the lever was great as in 
the case of large initial fillings when the heart 
developed a large amount of pressure. 
Results. 
Nine experiments were performed and the results 
of two typical ones are given in Table II. Fig. 8 
shows the actual tracings from which the first group 
of data in Table II was obtained by direct measure- 
ment. In these tracings the signal for the 
stimulus was somewhat to the left of the writing 
point of the lever and this should be corrected. 
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of H2. 0 
0:01 2.00 0.36 1.64 0.75 39 
0.02 1.97 0.29 1.68 0.88 63 
0.03 1.95 0.20 1.75 0.90 85 
0.05 1.94 0..15 1.78 1.37 93 
0.06 1.94 0.06 1.88 1.37 92 
Experiment 9/2/29 Rate 10 /minute 
0.01 1.73 0.20 1.53 0.62 35 
0.02 1.73 0.16 1.57 0.71 52 
0.03 1.68 0.14 ' 1.54 0.85 64 
0.04 1.66 0.12 1.54 0.92 74 
0.05 1.70 0.11 1.59 0.97 78 
0.06 1.71 0.11 1.60 1.10 83 
0.08 1.67 0.07 1.60 1.30 85 
0.0tec. 
óo2..cc. 0.0 3 cc. 
0.06cc, 
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It will be seen from this table that the D.L.R. 
for various diastolic fillings agree closely with 
each other, any difference between them being less 
than 0.1" which is within the limits of error of 
the method. The average of the experiments shows, 
however, a slight shortening of the D.M.R. when the 
diastolic filling is large. These results, there- 
fore, show that increase in filling certainly does 
not increase the D.M.R. but either causes no change 
or else a slight shortening. In connection with 
this last point, it may be mentioned that Drs. 
Bogue and Mendez, employing optical recording apparat -' 
us, have found a definite shortening of the D.M.R. of 
the frog's heart when the filling is increased. 
Their results have not yet been published but they 
have kindly permitted me to refer to them. 
In order to show the difference that might re- 
sult if the so- called latent period were not included 
in the D.M.R., a few of the tracings were measured 
from the point where the curve left the base line 
to the "angle ". The results thus obtained are given 
in column 4 of Table II. It will be observed that 
they agree with the results of previous workers 
in thtt increased filling increases the duration of 
mechanical response. The progressive shortening of 
the "latent period" or rather the mechanical lag, 
which accompanies increments of diastolic filling, 
is clearly shown in Column 3 of the same Table. 
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The duration of relaxation increases as the 
diastolic filling is increased, as shown in Table II. 
This result is in accordance with the results of 
previous workers. 
Discussion. 
The method employed in these experiments for 
easuring the D.M.R., namely measurement from 
timulus to the "angle ", differs from previous measure- 
kaents of the period in two respects, firstly, in that 
the "latent period" in included in the D.Q.R. and 
secondly, in that the angle is taken as the end of 
'the measurement instead of the summit of contraction. 
As regards the first point, it has been pointed 
but previously that the observed "latent period" 
is almost entirely due to instrumental lag, and that 
the true latent period is of such a shart duration 
,as to be undetectable by the apparatus employed in 
these experiments. Furthermore, my measurements show 
that the so- called latent period decreases when the 
¡filling of the heart increases, and that this 
variation is sufficient to produce a considerable 
error. The conclusion of previous workers that in- 
reased filling increases the duration of mechanical 
espouse can be accounted for by the error due to 
ariations in mechanical lag. `.then this error is 
laminated, by including the observed "latent 
"period" in the D.M.R., then the duration of 
echanical response is found to be almost unaltered 
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by alterations in the diastolic filling. 
The selection, as end point of mechanical 
response, of the "angle" instead of the summit of 
contraction has two advantages; firstly, the former 
is a much more definite point to measure and secondly 
the angle, according to Fulton, represents the true 
end of the contraction process. If this view be 
accepted, then the duration of mechanical response, 
as measured from the stimulus to the "angle ", is a 
true measurement of the duration of the contraction 
process, except that a few sigma should be subtracted 
to allow for the true latent period. This statement, 
however, is true only for measurements made from re- 
cords obtained by sensitive apparatus. For measure- 
ments obtained from hymographic records, further sub- 
traction must be made to allow for the mechanical 
lag which intervenes between the actual end of the 
contraction process and the occurrence of the "angle' 
on the tracings. 
Since the mechanical lag shortens with increased 
Lilling, the shortening of the D.M.R. noted above 
hen the filling is large may be due to a shortening 
of this mechanical lag. A comparison of the extent 
of shortening of the "latent period" and of the 
D.M.R. at various fillings (see Table II) shows that 
the shortening is greater in the former case than in 
the latter case. This, however, is not an argument 
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against the latter being due to variations in the 
mechanical lag, for the amount of mechanical lag in 
the recording apparatus at the beginning of con- 
traction and at the very onset of relaxation are 
different. A rubber manometer was used in these 
experiments and the greater part of the mechanical 
lag of the recording apparatus occurred here. In 
such a manometer the mechanical lag varies inversely 
with the degree of stretching of the rubber membrane. 
At the beginning of contraction the rubber membrane 
is only stretched by a small force equal to the 
diastolic pressure,whereas at the commencement of 
relaxation it is stretched by a much greater force 
equal to the systolic pressure. This difference 
in the degree of stretching of the manometer will 
result in a difference in the mechanical lag at the 
beginning and at the end of contraction, which 
may account for the difference in the extent of 
shortening of the "latent period" and of the D.M.R. 
at various initial fillings. 
The results obtained by this new method of 
measurement show, therefore, that the duration of 
active contraction, like the refractory period, is 
not altered by altering the diastolic filling and 
,thereby altering the amount of metabolic change 
associated with contraction. 
II. The Effect of Various Ions on the Duration of 
the Refractory Period and ~the 
Mechanical Response. 
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The effect of various ions on the duration of 
the refractory period has been investigated by 
several workers with results that are not in general 
agreement. For this reason it has been considered 
desirable to further investigate this question. 
Method. 
The apparatus and the technique employed in these 
experiments were the saine as those employed in 
previous experiments. The perfusing fluid containing 
the necessary ions was placed in the upper canula 
while only saline was placed in the lower canula. 
In every case the heart was perfused for at least 
5 -10 minutes with the fluid before readings were 
taken. Only the abso -ute refractory period (A.R.P.) 
was determined because it was found that when fluids 
containing abnormal proportions of the different ions 
were used, the threshold excitability changed pro- 
gressively as the experiment went on, so that the 
results obtained for the relative refractory period 
were unreliable. 
The various perfusing fluids employed in these 






























































































































































































































































































The reaction of the solutions was varied by adding 
N /10HC1. or N /10NaOH and the pH was determined by 
the calorimetric method. 
Results. 
Ten experiments were performed and the typical 
results of one such experiment are given in Table III.. 
Experiment 16/3/29 
TABLE III 
Filling 0.04cc. Rate 18 /minute 
Time 11:15 11;30 11:3F 1 11:43 11:50 12:03 
Ion Normal 4xCa rorma1 ¡Ca Normal 4xK 
A.R.P. 













D. T^ . R. 
in secds 




74 79 63 13 60 45 
Tirne 12:15 12:35 12:40 12:45 12:50 12:57 


















1.44 1.50 1.39 1.40 1.40 1.54 
a.dáed . 
cm. of 1420 
46 46 45 40 40 22 
In general the effect of various ions may be 
summarised as follows: - 
(1) Calcium excess (4xCa). 
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Calcium excess shortens both the A.R.P. and the 
D.M.R. equally. The pressure added by contraction 
in slightly increased. The form of the mechanogram 
is not altered (Fig. 9). 
(2) Calcium lack (Ca). 
Calcium lack prolongs both the A.R.P. and the 
D.M.R. The pressure added by contraction is 
greatly and rapidly reduced. The form of the 
mechanog ram (Fig. 10) is not altered, being in 
general quite like that of a normal heart developing 
33 
the same amount of pressure. 
Norrl 
Fig. 10. 
(3) Potassium excess (4xK). 
Potassium excess prolongs the A.R.P. but shortens 
the D.H.R. The pressure added by contraction is 
much reduced. The forni of the mechanogram is rendered 
very abnormal (Fig. 11). Instead of the usual 
convex ascent, the plateau, and the "angle ", it 
consists of a short ascent and then a short fall 
with no sign of the plateau or of the "angle ". 
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The "latent period" is much prolonged. The absence 
of the "angle" renders accurate measurement of the 
D.U.R. difficult. Owing to this difficulty and to 
the abnormality in the form of the mechanogram, the 
measurements obtained for the D.M.R. must be accepted 
with due reserve. 
4X K 
"Fig. I I 
(4) Potassium lack (iK). 
Potassium lack prolongs the A.R.P. and the 
D.M.R. The pressure added by contraction is not 
altered. The mechanogram also undergoes some 
alteration (Fig. 12). The "angle" becomes obscured 




F g. I2. 
(5) Alkalinity (pH8.2). 
A moderate degree of alkalinity (pH8.2) has no 
effect either on the A.R.P. or on the D.M.R. The 
pressure added by contraction is slightly, if at all, 
reduced. The form of the mechanograxn is not 
altered (Fig.13) . A greater degree of alkalinity 
was not investigated because when the pH was above 




(6) Acidity (pH6.2). 
Acidity prolongs both the A.R.P. and the D.H.Z. 
The pressure added by contraction is greatly reduced, 
The general form of the mechanogram is not much 
altered (Fig. 14). 
Fi 6. 14. 
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Results of other workers. 
As mentioned previously, the results obtained 
by previous workers were not in general agreement 
with each other. They are summarised in Table IV 
TABLE IV 
Ion Ca excess K excess 
Effect o n 
Refractory 
Period 
R.P.+ R.P.- R.P.+ R.P.- 
Name of Walther. Ringer 
Authors & (2f) and 






Schutz Schiítz . Schutz . 



















(dog's 1 rt) 
(12) 
Beritoff & 
Tskimanu so. (after p d 
perfusion) (32) 
Carter and 
Di euita.i d e . 
(dog's heart) 
(iz) 
It is clear from this table that there is general 
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agreement only as regards the effect of Calcium ex- 
cess in shortening the duration of the A.R.P. It is 
difficult to account for the difference in the results 
obtained by different workers but as has been shown in 
a previous section, experimental errors are easily 
introduced in experiments such as these. It is 
possible that some of the differences might be due 
to experimental errors arising out of neglécting such 
important points as,for example, the proper placing 
of the electrodes or the special measures taken to 
guard against the peculiar effect described by 
Drury and Love which might very well be brought 
about by abnormal proportions of various ions. 
Unfortunately, however, these points were not 
specially mentioned in most of the reports, so that 
one cannot be quite sure on this point. In view of 
this uncertainty, only the results of my experiments 
are taken into consideration in drawing the con- 
clusions of this thesis. 
Discussion. 
A glance at the results of these experiments will 
show that there is absolutely no relationship between 
the duration of the refractory period and the amount 
of pressure added by contraction. Thus, an almost 
normal amount of added pressure may be associated 
with either a shortening of the refractory period, 
as in the case of calcium excess or a lengthéning of 
the refractory period, as in the case of potassium 
lack, while a reduced amount of added pressure may 
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even be associated with a lengthening of the re- 
fractory period, as in the case of calcium lack and 
also in the case of acidity. Since the development 
of tension (or pressure in the case of the heart) is 
an essential part of the contraction process and since 
the duration of the refractory period may be con- 
sidered an index of the magnitude of the propagated 
excitatory disturbance, this lack of relationship 
between the refractory period and the added 
pressure again demonstrates the possibility of 
varying one process independently of the other. 
As has been explained before, such independent varia- 
tion points to the unlikelihood of these two processes 
being inseparably associated with each other. 
Therefore, in these experiments we have further 
support for the view which maintains the separability 
of excitation and contraction. 
III. The Effect of Rate of Stimulation on the 
Durations of the Refractory Period 
and of the Mechanical Response. 
Only a few experiments were performed to study 
the effect of rate of stimulation on the duration 
of the refractory period, as this is already well 
known from the work of Trendelenburg (33) and 
Mines (34) on the frog's heart and of Lewis and his 
co- workers (35) on the mammalian heart. The ex- 
periments described here were performed mainly to 
confirm the results of previous workers. 
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The apparatus and the technique for determining 
the duration of the refractory period and of the 
mechanical response were the same as those employed 
in previous experiments. The rate of stimulation 
II 
leas varied by varying the rate of rotation of the 
contact breaker. 
Results: 
The results of these experiments (five in number) 
confirm the results of previous workers in that in- 
creased rate of stimulation shortens both the A.R.P. 
and the R.R.P. This is shown in Fig. 15 which 
represents the curve of recovery of excitability 
f a heart under two different rates of stimulation. 
A few experiments were also performed in which only 
the A.R.P. and the D.M.R. were measured for various 
rates of stimulation. Typical results are given 
in Table V which shows the A.R.P. and the D.M.R. to be 
affected similarly by variations in the rate of 
timulation. The tracings from one of these experi- 
ents are shown in Fig. 16. 







A. Ft. P. in 
seconds 
,. ... in 
seconds 
28 1.02- 1a,? 
1.06+ 
18 1.30 - 1.40 
1.36+ 
10 1.38 - 1.56 
1.51 t 
Experiment 20/3/29 Filling 0.05cc. 
27 0.87- 1.04 
0.94+ 
18 1.00- 1.17 
1,10-1- 
I0 . 1.11- 1.`9 
1. 25 + 
Rafe _ IS 
-3R6 le .10 _ 
(6. 
It may be noted that when the rate of stimulation 
is comparatively great, i.e. 27 per minute, the "angle 
in the curve of isochoric contraction tends to become 
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rather obscured. Since in these experiments the 
faster rate was always investigated before the slower 
ones, the tendency for the "angle" to become 
obscured, could not be due to deterioration of the 
preparation but must be due to the effect of increased 
rate of stimulation. In the case of frog's 
skeletal muscles Fulton pointed out that similar 
obscuring of the "angle" occurred with excessive 
stimulation. 
Discussion. 
It has been shown by Weizsäcker (36) that within' 
certain limits, i.e. 30 per minute, frequency of 
stimulation has no influence on the oxygen con - 
'sumption per beat of the heart. This observation 
has quite recently been confirmed by Clark and White 
(6). Since oxygen consumption may in a large 
measure be regarded as an index of the extent of 
metabolic change occurring in the heart as a result 
of contraction, the above observation would mean 
'that, within wide limits, rate of stimulation has no 
influence on the extent of metabolic change 
associated with individual heart beats. Yet rate 
has a profound influence on the duration of the 
refractory period, as the above experiments show. 
Here them is a condition which, within wide limits, 
affects the refractory period without at the same 
time affecting the extent of the metabolic change of 
the heart. In other words, it is the exact reverse 
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of variations in filling. By applying the same argu- 
ments as before, one again finds support for the 
view which maintains that excitation and contraction 
are separable. 
IV. The Relation of the Refractory Period to other 
Phenomena associated with Contraction. 
(1,1 The extent of Metabolic change. 
It has been repeatedly shown in previous pages 
that the duration of the refractory period is 
absolutely unrelated to the extent of the metabolic 
change associated with contraction. Therefore, it is 
only necessary here to summarise in tabulated form 
the various conditions which influence the two 
phenomena differently, so as to emphasise the lack 
of relationship between them. Such a summary 
is shown in Table VI in which this lack of relation- 
ship is clearly atiaggen . demons 4-ra+ed. 
TABLE' VI 





Filling increased no change 
Rate no change if rate is less 
than 30 per minute 
diminished 
Ca excess slinghtly increased diminished 
Ca lack much diminished increased 
K excess diminished increased 
K lack no change increased 
Acidity much diminished increased 
Alkalinity 
(pH 8.2) 






(2). The Duration of Mechanical Response. 
It is generally considered by physiologists 
that there is a close relationship between the length 
of systole and the duration of the refractory period. 
In particular, Schultz (37) considered that the 
relation between the length of systole and the duration 
of the refractory period is a constant one. On the 
other hand, Dennig(27) as a result of studying the 
effects of cold and certain ions on the frog's 
heart came to the conclusion that the refractory 
period and the mechanical response did not vary 
;identically. It must be remembered, however, that 
these workers employed the usual method of measuring 
'the duration of mechanical response which yielded 
unreliable results, as has been shown previously. 
It is desirable, therefore, to reconsider this 
question in the light of the results obtained by the 
new method of measuring the duration of mechanical 
response. 
In practically all the experiments performed 
in this research it was noticed that the absolute 
refractory period and the D.M.R. always varied 
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together, as shown in Table VII. 
TABLE VII 
Condition D.M.R. A. R.P. 
, 
Tilling no change or 
?slight shortening 
no change 




Ca excess shortened shortened 
Ca lack prolonged prolonged 
K excess shortened prolonged 
K lack prolonged prolonged 
Acidity prolonged prolonged 
Alkalinity 
pH 8.2 




It will be seen from Table VII that with the 
xception of perfusion with excess of potassium, the 
bsolute refractory period and the D.M.R. always 
ary together. In the case of potassium excess, it 
as been pointed out previously that owing to the 
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abnormality of the mechanogram, accurate measurement 
of the D.M.R. was impossible and that the results 
obtained were unreliable. Hence, no weight should 
be attached to this discrepency between the 
duratiQgi of the absolute refractory period and the 
,duration of the mechanical response. Judging from 
the results of the above experiments one can, there - 
!fore, say that the absolute refractory period and the 
duration of mechanical response a-ways vary together. 
Moreover, it was found impossible to cause a 
second contraction to occur before the "angle" 
f a previous contraction, although in some cases the 
second contraction occurred very close to it. This 
,suggests that the "angle" coincides with the limits 
of the absolute refractory period. When one compares 
the duration of the absolute refractory period and 
the duration of the mechanical response however, one 
invariably finds that the former is shorter than the 
latter. This is shown in Table VIII. 
TABLE 1TIII 











Rate 18 /minute 
1.48 1.32 0.16 0.18 
5/3/29 
Rate 18 /minute 
0.95 0.86 0.09 0.16 
19/3/29 
Rate, 18 /minute 
1.40 1.33 0.07 0.08 
19/3/29 
Rate 10 /minute 
1.56 1.44 0.12 0.14 
19/3/29 
Rate.28 /Minute 
1.18 1.04 0.14 0.08 
14/3/29 
Rate 18 /minute 
1.35 1.24 0.11 0.09 
18/3/29 
Rate 18 /minute 
1.17 1.05 0.12 0.07 
18/3/29 
Rate 10 /minute 
1.29 1.18 0.11 0.12 
18/2/29 
Rate 27 /Minute 
1.04 0.91 0.13 0.18 
.The A.R.P. given here is the averge of the longest time 
interval between stimuli which failed to yield a posi- 
tive result and the shortest interval which did yield a positive result. 
a. 
47 
It must be remembered, however, that owing to 
a mechanical lag, the "angle" in these tracings 
did not occur simultaneously with the end of the 
contraction process, but occurred after an interval 
corresponding to the mechanical lag. A comparison 
of the "latent period" or mechanical lag and the 
difference between the D.M.R. and the A.R.P. ( table 
VIII) shows that this difference between the D.M.R. 
and the A.R.P.within the limits of the mechanical 
lag and that in most cases there is a close agreement 
between them. This suggests that the difference noted 
above can be accounted for entirely by mechanical 
lag in the recording apparatus. There is, therefore, 
good reason to think that the end of active contraction 
coincides with the end of the refractory period and in 
mechanograms obtained with sensitive apparatus this 
would be at the "angle ". 
(3) The Duration of Electrical Response. 
The relation of the refractory period to the 
duration of the action current has not been investi- 
gated in this series of experiments. Therefore, only 
the results of other workers are considered here. 
Early workers on this question such as Brudon- 
Sanderson and Page (35) and Tait (39) considered that 
the total refractory phase of the heart and its action 
current were roughly of the same duration. Tait 
further put forward his well known hypothesis that 
the absolute refractory period corresponds to the 
rising phase of the action current while the relative 
refractory period corresponds to the/ 
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ttis declining phase. Later researches by 
Trendelenburgh (40), however, showed that the total 
'refractory phase of the heart lasted considerably 
'longer than the action current and that the absolute 
refractory period ended before the end of the action 
current. Most of the results of these early workers, 
however, were concerned with diphasic action current 
which gives very uncertain information as to the 
rate of decline of the electric change at any 
particular point in the heart muscle. The most 
comprehensive account on the relation of the 
refractory period to the monophasic action current in 
vacci Fabl e 
variousAtissues was given by Adrian (15). According 
to this worker,the end of absolute refractory period 
in the frog's heart coincides with the end of mono - 
phasic action current; so that Tait's hypothesis does 
'not hold in the case of heart muscle. The most 
recent work on the subject by Schütz (30) gave 
;urther confirmation to Adrian's conclusion regarding 
the relation of the refractory period and the duration 
of monophasic action current in heart muscles. There 
Iis, therefore, quite a body of evidence to show that 
in the case of heart muscle, the ends of the absolute 
refractory period and of the monophasic action 
¡current are the same. 
4. Inter - relationship among the Refractory 
Period, the Duration of Mechanical 
Response, and the Duration of 
Electrical Response. 
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From what has been said in previous paragraphs, 
it is clear that there is a close inter-relationship 
among the absolute refractory period, the duration of 
mechanical response, and the duration of electrical 
response. It will be remembered that both the end 
of active contraction and the end of the monophasic 
action current have been considered to coincide with 
the end of the absolute refractory period. Therefore, 
the durations of mechanical response and of electrical 
response should be the same. This, in fact, is 
exactly what has been found to be the case by Drs. 
Bogue and Mendez who have kindly allowed me to 
quote their results before they are published. 
According to these workers, the end of monophasic 
action current of the frog's ventricle always occurs 
at the "angle a in the mechanogram, as shown in Fig.17 
Which is reproduced here through their courtesy. 
Fig. i7 
A = Monapkasic AcFiovz Current. 
M ° Mecha,nograrrt; 
5o 
The results of these -workers, therfore, confirm 
in an indirect manner the conclusions already reached 
regarding the relations of the absolute refractory. 
period to the duration of mechanical response and also 
to the duration of electrical response. 
Diagrammatically, these relationships can be rep re- 




loo í q I z 3 
-lime in 5ecovsds. 
Fig.s. 
4 
M = Mach art ogran'. 
A ' Monorhaslc Àcf-ron Currand-. 
E = Exçil-ability 
S r S+In?ulws, 
51 
V Summary and Conclusions. 
The refractory period and the duration of 
mechanical response of the isolated frog's ventricle 
have been investigated under various experimental 
conditions, with the following results: - 
(1) Variations in filling have no influence on 
the duration of the refractory period. They 
also have no influence on the duration of 
mechanical response. 
(2) Calcium excess shortens both the absolute 
refractory period and the duration of 
mechanical response. 
(3) Calcium lack, potassium lack, and acidity all 
prolong the absolute refractory period and 
the duration of mechanical response. 
(4) Potassium excess prolongs the absolute re- 
fractory period. It alters the mechanogram 
profoundly, so that reliable results as to 
the duration of mechanical response cannot 
be obtained. 
(5) Moderate degree of alkalinity (pH 8.2) has 
no influence on either the absolute re- 
fractory period or the duration of 
mechanical response. 
(6) Increased frequency of stimulation shortens 
both the absolute refractory period and the 
relative refractory period. It also 
shortens the duration of mechanical response. 
(7) Hypodynamic state shortens both the duration 
of the refractory period and of the mechani- 
cal response. 
The occurrence of the "plateau" and the "sub- 
sidence angle" in the curve of isochoric contraction 
1.as been noted in records obtained with freshly ex- 
cised frog's ventricles. 
A new method of measuring the duration of 
kechanical response of the heart is described. In 
this method the duration .of active contraction; is 
52 
,measured from the stimulus to the "subsidence angle" 
and the duration of relaxation is measured from the 
"subsidence angle" to the point at which 90 per cent 
relaxation has occurred. 
The conclusions that have been reached from a 
consideration of the above results and the results 
of other workers are as follows : - 
(1) The duration of the refractory period is 
independent of the extent of metabolic 
change associated with a previous con- 
traction. This conclusion supports the 
permeability hypothesis of refractory 
period and is opposed to the exhaustion 
hypothesis. It also shows indirectly that 
the excitation process and the contraction 
process are distinct and separable from 
each other. 
(2) Under normal conditions, the ends of the 
absolute refractory period, of the 
mechanical response and of the electril 
response of the isolated frog's ventricle 
are the same, and in the mechanogram, 
they are represented by the "subsidence 
angle ". 
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Prof. A.J. Clark, at whose suggestion this work was 
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with the execution of this work and for his constant 
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